Although the experimental literature on color anomaly and dark adaptation is enormous in volume, very few investigations have been concerned with the relationship between these two functions for other than totally color-blind (achromatic) individuals. The results of those studies which have been done on this problem (Abelsdorff, Dieter, and Kohlrausch, 1922; Feldman, 1941; Jaeusch, 1933; and Piper, 1903) , agree in finding that curves of dark adaptation for both types of dichromats and anomalous trichromats are indistinguishable from similar curves for the color normal. The conclusiorm reached in the study by Abelsdorlt, Dieter, and Kohlrausch, who studied dark adaptation with lights of several hues, are of a more general nature than those reported in the other three studies. Using green, white, and orange test fights, these investigators found that curves of dark adaptation for each color are essentiaUy identical for the color normal and color anomalous. The data supporting this conclusion, however, were apparently never published. It should be noted incidentally that Jaensch and Piper used unfiltered white light, while Feldman does not describe his technique nor the color of the test light used.
second decrease from 12 to 22 minutes, and form a second plateau with normal threshold values from 22 to 40 minutes. Foveal thresholds for the protanopes and protanomalous reach a plateau about 1½ log units above normal during the first 8 or 9 minutes anH do not change thereafter. It was concluded from these data that the rods are sensitive to red light and that this sensitivity cannot be demonstrated in the normal eye because the cones are almost as sen#itive to red as are the rods. Since the cones in the protanopic eye are less than normally sensitive to red, red dark adaptation curves measured peripherally reach a plateau about 1½ log units above normal during the first 12 to IS minutes due to impaired cone function, and then exhibit a secondary decrease due to rod function.
In the work cited above, the present author assumed that Abelsdorff, Dieter, and Kohlrausch did not find atypical dark adaptation curves for protanopes because their orange light had a relatively high component of wave lengths shorter than 620 m#. Thus, Kohlrausch (1922) describes this filter as freely transmitting radiation from the long wave length end of the spectrum to 580 m#, and, somewhat less strongly, radiation between 580 and 470 m/~. It may be predicted, therefore, that curves of dark adaptation for protanopes should be atypical if measurements are made with reddish orange and yellow lights which are highly saturated; i.e., emit radiation Within a relatively narrow spectral band. The basis of this prediction lies in the fact that the photopic visibility curve for the protanopic eye is below similar curves for the nbrmaJ eye in the yellow and orange portions of the spectrum as well as in the far red portion.
The present investigation is an extension of earlier work on the dark adaptation of the color anomalous and is designed specifically to test the hypothesis stated above. Red, reddish orange, yellow, green, violet, and white test fights were used to determine minimum light thresholds as a function of time in the dark for color normal (also referred to as trichromats in this paper), deuteranopic (or deuteranomalous), and protanopic (or protanomalous) subjects. An attempt is also made to integrate the results of this study with the known sensitivity characteristics of the normal and color-anomalous eye.
II

Apparatus and Procedures
The apparatus used in this study was a Hecht-Shlaer adaptometer (Hecht and Shlaer, 1938) set up in a dark room. The adaptometer was built into the wall of a small cubicle constructed inside the dark room; the subject's eyepiece was on the outside of the cubicle while the operator's controls, lights, and recording apparatus were inside.
The lamp used in the adaptometer was thoroughly seasoned and was operated at a constant current. The test area used was 3 ° in diameter situated 7 ° temporally in the visual field from the fixation light. The latter was a small spot of red light (1/8 ° in diameter), adjustable in intensity by both the operator and subject. The subjects were reminded frequently to adjust the brightness of the fixation light until it was just barely visible.
The spectral transmission characteristics of the filters used in this study are shown in Fig. 1 . The red (RI in this paper) and violet (V) filters were those furnished with the instrument. The red filter, RI, (Wratten 88) transmits no wave lengths shorter than 680 m~; the violet, V, (Coming 511) transmits no wave lengths longer than 485 m#. The reddish orange filter, RIT, (a combination of Coming filters 9780 and 2408) transmitted between 620 and 700 m~ with a peak transmission at 635 m/~. WovelengH~ in mp FI~. 1. Spectral transmission characteristics of the filters used in the Hecht-Shlaer adaptometer. 555 and 620 m/~ with a peak transmission at 573 m#. The green filter, G, (a combination of Coming filters 5031, 3384, and 4303) transmitted between 485 and 570 m~ with a peak transmission at 520 m~. All transmission characteristics were determined with a Beckman photoelectric spectrophotometer (Cam/and Beckman, 1941) . The white light, W, used in this study was the unfiltered yellowish white light of about 2800 ° K emitted by the Mazda lamp in the adaptometer.
C~ibration values for the brightness of the white light, the densities of the RI, V, and neutral filters, and the optical wedge are furnished by the manufacturer. The RII, Y, and G filters were calibrated by the author with a Macbeth illuminometer. The density of the neutral filters and optical wedge was determined separately for each combination of neutral filter, optical wedge, and colored filter with the lamp used in the adaptometer. Although the Macbeth illuminometer is not a refined instrument for this sort of work, it yielded sufficiently precise values for purposes of this study. As DARK ADAPTATION O1 ~ COLOR ANOMALOUS a check on this method of calibration, densities of the RI and neutral filters, and of the wedge used in various combinations with these filters, were also calibrated with the Macbeth illuminometer. The densities obtained by the experimenter did not deviate from those given by the manufacturer by more than 0.2 of a log unit in any instance. It should be noted that the same calibration values were used for all subjects in this experiment. Differences between the dark adaptation curves of the color anomalous and color normal with any one color of test light should not, therefore, be invalidated by any small calibration errors.
Before each experimental session, the subjects were preadapted for 5 minutes by fixating 7 ° temporally in the visual field a white light 1 of 2000 millilamberts, 35 ° in diameter. Threshold determinations were made at intervals of about 2 to 5 minutes. Flashes 1/5 second in duration alternating with 4/5 second dark intervals were used as stimuli. These flashes were produced by a motor-driven segmented disc in the light path of the adaptometer. The subjects were allowed to determine their own thresholds by adjusting the optical wedge until they could just see the test light. (The knob which controls the wedge from the subject's side of the apparatus is conveniently located near the eyepiece.)
Each experimental session was continued for at least 45 minutes following preadaptation. Although determinations with the filters were made in a regular sequence during any session, subjects were not told which filters were being used. 2 Only three colors of test light were used during any one experimental session. Thus, on the first day, a subject may have been tested with the Y, G, and W lights, this sequence being repeated throughout this session, and on the next day, with the RI, Rn, and V fights.
At least three dark adaptation curves for each test light on as many different days were obtained for each subject. Six days were thus required to obtain a complete series of dark adaptation curves with the six colors of test light.
The first dark adaptation record was usually not used in the final tabulation of the data, as most subjects required one session to become familiar with the apparatus and procedure. The next two records were retained unless there was some disqualifying consideration, e.g. apparatus trouble or operating errors, in which case still other records were obtained and used.
III
Subjects
The subjects, eleven in all, were volunteers ~. They had no serious ocular clefects, and all had uncorrected visual acuity of 20/25 or better. As nearly 1 Again the yellowish-white light of about 2800°K mentioned above. 2 The color-normal subjects had little difficulty in identifying the colors of the test lights during the first few minutes of dark adaptation; the color-anomalous subjects were frequently unable to identify them correctly.
8 The author gratefully acknowledges the assistance of Captain C. L. Bowman, Captain C. B. Hill, Jr., and Captain W. G. Kirby; Lieutenant E. S. Bippus, Lieutenant J. S. Liradjis, Lieutenant G. J. Pietrangeli, and Lieutenant K. W. Wall; Chief Warrant Officer R. H. Brooks; and Corporal A. J. Racusin and Corporal N. Winegardner. The writer served as the fourth trichromatic subject.
as could be determined by questioning, all of the subjects were living on an adequate diet.
In examining the observers to insure their correct classification, emphasis was placed on obtaining two clear cut groups of color-anomalous subjects, one group being characterized by reduced visibility in the red end of the spectrum, and the other group having substantially normal visibility for red. It should be made clear, therefore, that the former group, hereafter referred to in this paper as the protanopic group, was comprised of anomalous trichromats with reduced visibility for red as well as of true dichromats of the protanopic variety. Similarly the latter group, hereafter referred to as the deuteranopic group, was made up of deuteranomalous and deuteranopic individuals. The subjects were tested with the Ishihara, Meyrowitz, and American Optical Company plates 4 viewed under a Macbeth daylight source with an illumination of about 30 foot candles.
At least 50 per cent of the responses made by the color-anomalous subjects were incorrect on the combined color plates of these tests. The trichromatic subjects made no more than 10 per cent errors. Visibility for red was checked by having the subject indicate the limit of the long wave length end of the spectrum as seen in a Bausch and Lomb visual spectrophotometer.
Iv
RESULTS
Figs, 2 through 7 are composite curves showing the results obtained with the various test lights. Each group of data contains the observations made on each of 2 days for the subjects in that group. There are, therefore, a total of eight dark adaptation curves for the four protanopes and four trichromats in each set of data in these figures, and a total of six dark adaptation curves for the three deuteranopes in each set of data.
The data obtair~ed with the Rx light (Fig. 2) confirm the findings established in the earlier report (Chapanis, 1946 a, b) . The dark adaptation curves for the protanopes show an initial plateau about 1½ log units above the normal thresholds to red light. A secondary decrease in threshold occurs at about 16~ ! minutes. It is also interesting to note, however, that the data for the protanopes indicate decreased sensitivity to the Rm Y, and W lights (Figs. 3, 4 , and 7) during the first 10 minutes. Since the i~fitial portion of the dark adaptation curve, i.e. before the sharp break at 8 to 20 minutes for the various Composite data from two dark adaptation curves for each of four protanopes, four trichromats, and three deuteranopes. Measurements were made with the Hecht-Shlaer adaptometer, using a 3 ° RII test light located 7 ° temporally in the visual field.
colors, can be identified with cone function (Hecht, 1937) , these findings indicate that the cones of the protanope are much less sensitive to Rx, somewhat less sensitive to Rn, and slightly less sensitive to Y and W light than are the cones of the trichromat. It may be pointed out parenthetically that the four low points in the protanopic data which overlap those of the color normals in Figs 
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FxG. 4. Composite data from two dark adaptation curves for each of four protanopes, four trichromats, and three deuteranopes. Measurements were made with the Hecht-Shlaer adaptometer, using a 3 ° Y test light located 7 ° temporally in the visual field.
somewhat greater sensitivity to Y and W light than did the other protanopes. Individual points for the other three protanopes are all above the range of normal values.
Dark adaptation curves for the protanopes measured with G and V test lights do not appear different from those for color-normal observers (Figs. 5  and 6 ). This finding indicates that the cones of the protanope are approximately as sensitive to green and violet light as are normal cones. The data for the violet light are also confirmed by the earlier study (Chapanis, 1946 a, b) .
It may also be pointed out that the rod-cone break in the dark adaptation curves measured with R,, Y, and W lights occurs sooner in the protanopic data than in the normal data. The dark adaptation curves for the deuteranopes exhibit considerably more variability than do the data for either the protanopes or color-normal individuals. Although the deuteranopic thresholds measured with the Rz and R,. test lights appear to be somewhat higher than those for the trichromats, the Composite data from two dark adaptation curves for each of four protanopes, four trichromats, and three deuteranopes. Measurements were made with the Hecht-Shlaer adaptometer, using a 3 ° G test light located 7 ° temporally in the visual field.
overlap between the two sets of data is great and the deuteranotfic data do not form such a consistent pattern as do the protanopic data. V DISCUSSION It has already been shown that relative photopic and scotopic visibility curves do not enable on,e to predict the characteristics of normal dark adaptation (Hecht, 1937; Sheard, 1944) because both curves are expressed as percentages of maximum visibility. If these data are recast in terms of the relative amounts of energy required for threshold visibility, the data become more meaningful. The lowest curve, Sc, in Fig. 8 shows the relative energy required to produce a sensation of light after prolanged dark adaptation. These data are taken from Hecht and Wi]llams (1922); each point is the average of data obtained on forty-eight individuals. This curve is essentially an expression of maximum
• .
. FIo. 6. Composite data from two dark adaptation curves for each of four protanopes, four trichromats, and three deuteranopes. Measurements were made with the Hecht-Shlaer adaptometer, using a 3 ° V test light located 7 ° temporally in the visual field.
rod (scotopic) sensitivity as a function of wave length and from it may be calculated the normal scotopic, relative visibility curve for an equal-energy spectrum.
The middle curve, PN, shows the relative energy required to produce a brightness match between the various parts of the spectrum at a fairly low brightness level, 0.017 candles per ~-~.~ These data are taken from Gibson and Tyndall (1923) ; each point is the average of data obtained with fifty-two normal observers. By recalculation these data will yield the normal, photopic relative visibility curve for an equal-energy spectrum. The curve inFig. 8 was, in fact, calculated from the photopic visibility curve.
The values for the two curves, Sc and P~, are each accurately plotted. The vertical separation between them, however, has been arbitrarily arranged so that they will coincide at the red end of the spectrum to agree with the observation that there is no, or at least a very small (Wald, 1945) FZG. 7 . Composite data from two dark adaptation curves for each of four protanopes, four trichromats, and three deuteranopes. Measurements were made with the Hecht-Shlaer adaptometer, using a 3 ° W test light located 7 ° temporally in the visual field.
interval in this portion of the spectrum. When the photopic and scotopic visibility curves are portrayed in this fashion, it is possible to show the relationship between them and the curves of normal dark adaptation shown in Figs. 2 through 7. The vertical separation between the two curves, Sc and P~, in Fig. 8 at various spectral points (the photochromatic interval) is roughly proportional t o the separation between the cone and rod thresholds in the dark adaptation curves measured with different hues. Thus, the Rx dark adaptation curve shows no rod portion; the Rix dark adaptation curve shows a small ¢,. ml~   FIG. 8 . The relation between wave length and relative energy required to produce a specific visual effect at high and low brightnesses. The curve, Sc, plotted from the data of Hecht and Williams (1922) , represents the relative energy required by fortyeight normal observers to evoke a sensation of light after prolonged dark adaptation. The curve, PN, recalculated from the data of Gibson and Tyndall (1923) , represents the relative energy required by fifty-two trichromatic observers to produce a given high brightness. The curve, Pp, recalculated from the data of Pitt (1935) , shows the relative energy required by six protanopic observers to produce a given high brightness secondary decrease due to rod function; the Y curve shows a larger difference between the rod and cone levels; and the V curve shows the greatest separation (Fig. 9) .
The dark adaptation data for the protanopes can be shown to fit into the same schema. The uppermost curve in Fig. 8 , P~, is recalculated from Pitt's data on the average photoplc visibility of six protanopes (1935)? As before, the data for curve P, are accurately plotted in Fig. 8 , but the vertical separation between it and the normal photopic curve, Ps, has been arbitrarily arranged so that they coincide in the violet end of the spectrum to agree with the observation that violet dark adaptation curves for the protanopes are indistinguishable from those for the trichromats. The results of this recalculation and replotting of the protanopic visibility curve are easily integrated with the dark adaptation data reported earlier.
Thus, for the protanope, the vertical separation between the curves, Pp and Sc, is roughly proportional to the separation between the cone and rod thresholds in the dark adaptation curves measured with the different lights. Simihrly, the vertical separation between the curves Pp and P~ is roughly proportional to the discrepancy between the protanope and normal cone thresholds in the dark adaptation curves measured with the different lights. Since white light is a summation of all spectral hues, it is reasonable to find that the cone threshold measured with white light is somewhat higher for the protanopes than for the trichromats.
The fact that dark adaptation curves for the deuteranopes do not differ markedly from similar curves for the color normal is consistent with what is 5 Pitt does not give his data in tabular form, so that the data for curve Pp had to be read from his Fig. 9 with some consequent loss in accuracy.
known of the photopic visibility of deuteranopes. Judd (1944; 1945) summarized the data on six deuteranopes studied by Pitt (1935) and sixdeuteranomalous observers studied by Nelson (1938) and showed that these data fall well within the normal limits found by Gibson and Tyndall (1923) . The findings of this experiment indicate that the average deuteranopic visibility curve should very nearly coincide with the normal curve, PN, in Fig. 8 .
The slight discrepandes between predictions based on Fig. 8 and the actual findings of this study are due to a ~umber of factors. In the first place it has been necessary to assume that curve Px, which was determined foveally and at a higher than threshold brightness, is proportional to the threshold sensitivity of the cones measured peripherally. Although recent data by Wald (1945) a~d Walters and Wright (1943) shcCw that this is not strictly true, the error is not great. Another serious difficulty with the interpretation proposed here is that the units of measurement are not identical throughout. Thus, the data in Fig. $ are expressed in energy u~/its; the dark adaptation curves in brightness units. An implicit assumption in this theoretical development is that the two scales, brightness and energy, bear a one-to-one relationship. The relationship between the two scales is proportional for radiation of any wave length, but it is extremely improbable that the scales are related in a linear fashion.
Evidence for the non-linear relationship between energy units and brightness units is contained in Fig. 9 which summarizes the average normal dark adaptation curves measured with the different lights. Although the test lights were all equated in brightness initially (by calibration in the range of 7 to 10 log /z/zl), it is apparent that they are no longer equally bright at the cone threshold, even though the physical intensity of the lights was reduced proportionally in every case. There appears to be only one other set of data showing normal dark adaptation as a function of color of test light (Kohlrausch, 1922; 1931) , and these data are similar to those shown in Fig. 9 . Thus, KoMrausch found that the cone thresholds for different colors were ranked in the same order as their positions on the normal photopic visibility curve; i.e., the long and short wave length colors had the lowest thresholds; the medium wave lengths and white had higher thresholds. The data in Fig. 9 differ from KoMrausch's only in the relative levels of the Rx curve and the cone portion of the Rx~ curve, s A final difficulty with the theoretical development elaborated here is that the three curves in Fig. 8 were replotted from the data of three independent investigators. For this reason, the location of the curves was decided on the basis of still other data; i.e., dark adaptation curves. The analysis presented in this section indicates an inviting avenue for further research. The determit This interesting finding on the disparity of the cone thresholds measured with different colored lights appears to have been ignored by workers in the field of dark adaptation and retinal sensitivity, and there is no adequate explanation for it. nation of protanopic and normal cone thresholds in energy units as a function of wave length (by a technique similar to that employed by Wald, 1945 , for example) would add considerably to our knowledge of the basic response characteristics of the color-anomalous eye. z The traditional employment of relative visibility curves appears to have masked an important difference between the sensitivities of the normal and color anomalous. It may be pointed out that the essential identity of the rod sections of the dark adaptation curves for ttie color normal and color anomalous constitutes further evidence for the independent functioning of the rods and cones.
In closing, it is the author's opinion that the findings reported here were not discovered by Jaensch and Piper by reason of (1) their relatively crude experimental techniques and (2) their employment of white test lights. The differences between the protanopic and normal curves with the white light are small and could easily be overlooked. Abelsdorff, Dieter, and Kolilrausch probably missed these findings because of the impurity of their test lights.
SU'~rMARY
Determinations of minimum light thresholds as a function of time in the dark have been made for four color normal, three denteranopic (or deuteranomalous), and four protanopie (or protanomalous) subjects. Measurements were made with red, reddish orange, yellow, green, violet, and white test lights.
Dark adaptation curves for the deuteranopes and deuteranomalous are essentially identical with those of the color normal for all colors.
The cone portions of the protanopic dark adaptation curves measured with the red, reddish orange, yellow~ and white lights are higher than the corresponding data for the color normal, the discrepancy between the two sets of data decreasing from the long to short wave lengths. Dark adaptation curves for the protanopes and protanomalous measured with green and violet light are essentially normal in appearance.
A theoretical explanation is advanced to account for these findings in terms of the known sensitivity characteristics of the normal and color-anomalous eye. BIBLIOGRAPHY Abelsdorff, G., Dieter, W., and Kohlrausch, A., Weitere Untersuchungen fiber den Dunkeladaptationsverlauf bei verschiedenen Farbensystemen und bei AdaptationsstSrungen, Arch. ges. Physiol., 1922, 196, 118. Cary, H. H., and Beckman, A. O., A quartz photoelectric spectrophotometer, Y. Opt. Soc. America, 1941, 81, 682 .
Note Added in Proof.--Hecht and Hsia have reported very recently foveal measurements of this kind for 6 normal subjects, 6 deuteranopes, and 4 protanopes. Their findings, reported in abstract (Y. Opt. Soc. America, 1946, 86, 716) , appear to be in complete agreement with the data and theoretical development in this paper.
